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Results
A protein-based comparative approach using BLAST helped identify lambdoid-like prophage elements in a representative set of completely sequenced bacterial genomes.
Twelve putative prophage regions were identified in six different bacterial genomes.
Examination of the known and newly identified prophage regions suggests that on an average, the prophage elements do not seem to occur either randomly or in a uniform manner along the genome amongst genomes of the selected pathogenic organisms.
Conclusion
The protein based comparative approach can be effectively used to detect lambdoidlike prophage elements in bacterial genomes. It is possible that this method can be extended to all prophage elements and can be made automated.
Background
Bacterial genome nucleotide sequences are being completed at a rapid and increasing rate, thanks to faster and better sequencing techniques. Many completely sequenced bacterial genomes harbor temperate bacteriophages, both functional and defective.
The gene products encoded by prophages can have very important effects on the host bacterium, ranging from protection against further phage infection to increasing the virulence of a pathogenic host. Numerous virulence factors from bacterial pathogens are phage encoded [1, 2, 3] for example, the food poisoning botulinus toxin and Vibrio cholerae. The latter is a fascinating case of how multiple phages contribute to bacterial pathogenicity. It is postulated that some adaptations of nonpathogenic bacterial strains to their ecological niche might also be mediated by prophage genomes [4] . As mobile DNA elements, phage DNA is a vector for lateral gene transfer between bacteria [5] . As reviewed by Canchaya et al [6] technically difficulty relies in defining prophage sequences in bacterial genomes as mostly they are cryptic or in the state of mutational decay.
Prophages account for a substantial amount of interstrain genetic variability in several bacterial species, for example Staphylococcus aureus [7] and Streptococcus pyogenes [8] . When genomes from closely related bacteria were compared in a dot-plot analysis, prophage sequences accounted for a major proportion of the differences between the genomes , for example, Listeria monocytogenes and Listeria innocua [9] and Escherichia coli O157 and K-12 [10] . When mRNA expression patterns were studied using microarrays in lysogenic bacteria that underwent physiologically relevant changes in growth conditions, prophage genes figured prominently in the mRNA species changing their expression pattern [11, 12] . These data demonstrate that prophages are not a passive genetic cargo of the bacterial chromosome, but are active participants in cell physiology. The medical and evolutionary importance of prophages makes it important that one is able to recognize and understand prophages when they are present.
Recognizing prophages in bacterial genome sequences is not a straightforward task.
Even if the search for prophage elements is restricted to tailed temperate phages (there are other kinds of temperate DNA phages [13, 14] ) none of the phage genes are sufficiently conserved to serve as a single marker for prophages, and in any given case, any particular gene could have been deleted from a defective prophage [15, 16] . Therefore, using a single gene like integrase or terminase might not be complete for prophage identification. Some prophages have different G+C contents, oligonucleotide frequencies or codon usage from their host genome, but this type of analysis has not progressed to the point that it can unequivocally identify prophage sequences [17] . One must therefore identify prophages in bacterial genome sequences by the similarity of their gene sequences and gene organization to known prophage genes. A protein based COG approach helped detect lambdoid-like prophage elements in a set of eight completely sequenced bacterial genomes [18] . This approach is different from the other approaches in that it does not rely on a single gene like integrase or terminase for prophage detection, but has the potential to use the entire known pool of temperate tailed phage-encoded genes for detection against the COG data [30]. Such a comparative protein level approach can be effectively used to detect defective lambdoid-like prophage elements in bacterial genomes.
Results and Discussion
The e14 element is a very well characterized prophage element [18] , which contains all the highly conserved prophage genes like the phage portal and terminase genes.
This analysis [18] also involved a protein based COG approach for identifying similar prophages. This takes into consideration the modular nature of prophage genomes and looks for homologs of the genes of the prophage e14 that exist in proximity to each other. The same idea was utilized in this study. The choice of e14 proteins as template for similarity searches for prophage elements was retained as in the earlier analysis. However the search procedure (BLAST instead of COG) was modified in view of possible automation and flexibility. A larger set of genomes from 40 pathogenic organisms were scanned in this analysis.
Identifying prophage elements in bacterial genomes
A set of forty bacterial genomes was chosen for prophage detection, and only the ones that yielded significant BLAST hits (e < = 0.01) are listed in Tables 1 and 2 . The BLAST searches were carried out organism-wise and then the hits were sorted based on the locus of occurrence in the genome. Lone hits were analyzed to check whether they form part of prophages reported in literature, and if so, they are included in Table 1 .
Genes encoding the BLAST hits for the different e14 proteins, which were within a particular distance (this distance varies from one organism to another; it is the size of the longest prophage in the organism's genome) were then clubbed together. Any region with two or more genes in this cluster were considered as putative prophage elements and further analyzed. Most of these clusters belong to pre-annotated prophage elements, but twelve putative prophage elements were identified in six organisms-S.flexneri 2457T, S. enterica LT2 (serovar Typhimurium), S. pyogenes M18 MGAS8232, S. pyogenes M3 MGAS315, Vibrio cholerae N16961 and P. luminescens subsp. laumondiiTTO1. For the former, prophage regions were delimited using data from the prophage database [31] and from literature [32] . As for the putative prophage regions, the prophage limits are reported from the first hit to the last hit in each cluster (data taken from .ptt files from ftp://ftp.ncbi.nih.gov/genomes/).
Prophage loci given in parentheses represent possible outer limits for the prophage regions ( Table 2 ). The genes forming part of these outer limits were not picked up in the similarity searches, but are reported here because they are prophage-related proteins or have strong similarity to prophage proteins.
Of the twelve putative prophage regions identified, five are located near dehydrogenase genes (Table 3) . A priori there seems to be no attributable reason to this tendency for the putative lambdoid phages to get integrated near a dehydrogenase gene in the bacterial genome. However, it must be noted that the search template e14 is also integrated at the isocitrate dehydrogenase gene in the E. coli K12 genome.
Prophage distribution
In order to address the question whether the prophage elements integrate in a random and isotropic manner into bacterial genomes, these genomes were brought into a common reference frame to facilitate comparison. All genome lengths were normalized to 1000 units and prophage coordinates (both known and newly identified ones) were re-calculated in terms of these normalized units. The distribution of prophage elements (Figure 1 ) is found to be uni-modal with a maximum frequency of occurrence in the range of 400-600 genome units. On an average, the prophage elements do not seem to occur either in a random or in a uniform manner along the genome amongst genomes of the selected pathogenic organisms.
Conclusion
We could identify several lambdoid prophage elements in a representative set of bacterial genomes using a protein similarity approach. It has been observed that lambdoid phages have a strong tendency to get integrated near a dehydrogenase gene in the bacterial genome. A prophage distribution study shows that most of the prophages are found in comparable regions in the bacterial genomes. This exercise was knowingly limited by only taking genes similar to that of e14 into consideration.
A similar approach using the entire pool of known lambdoid prophage (or even all temperate prophage) genes with appropriate weighting for the frequency of occurrence of the prophage proteins, should make a much more sensitive and robust technique for detecting prophage elements.
Materials and Methods
The local version of the WWW-BLAST [33,34] was installed and used for sequence analysis. In order to identify e14 homologs, similarity searches at the protein level were done taking the twenty-three e14 proteins as query and the bacterial proteomes as target. The bacterial proteomes were downloaded from NCBI's F TP site (ftp://ftp.ncbi.nih.gov/genomes/). Similarity searches were done using BLASTP with default values. Only the significant hits (e < = 0.01) were used for the analysis. 
Comparative prophage distribution across genomes
All genome lengths were normalized to 1000 units and prophage loci for both known and newly identified ones were calculated in terms of these normalized units. The graph was drawn taking normalized genome distance along X-axis and the number of prophages along Y-axis. 
